The gastrointestinal alterations associated with the consumption of an obesogenic diet, such as inflammation, permeability impairment and oxidative stress, have been poorly explored in both diet-induced obesity (DIO) and genetic obesity. The aim of the present study was to examine the impact of an obesogenic diet on the gut health status of DIO rats in comparison with the Zucker (fa/fa) rat leptin receptordeficient model of genetic obesity over time. For this purpose, female Wistar rats (n 48) were administered a standard or a cafeteria diet (CAF diet) for 12, 14·5 or 17 weeks and were compared with fa/fa Zucker rats fed a standard diet for 10 weeks. Morphometric variables, plasma biochemical parameters, myeloperoxidase (MPO) activity and reactive oxygen species (ROS) levels in the ileum were assessed, as well as the expressions of proinflammatory genes (TNF-α and inducible nitric oxide synthase (iNOS)) and intestinal permeability genes (zonula occludens-1, claudin-1 and occludin). Both the nutritional model and the genetic obesity model showed increased body weight and metabolic alterations at the final time point. An increase in intestinal ROS production and MPO activity was observed in the gastrointestinal tracts of rats fed a CAF diet but not in the genetic obesity model. TNF-α was overexpressed in the ileum of both CAF diet and fa/fa groups, and ileal inflammation was associated with the degree of obesity and metabolic alterations. Interestingly, the 17-week CAF group and the fa/fa rats exhibited alterations in the expressions of permeability genes. Relevantly, in the hyperlipidic refined sugar diet model of obesity, the responses to chronic energy overload led to time-dependent increases in gut inflammation and oxidative stress.
The regular consumption of a high-fat/refined carbohydrate diet such as a typical cafeteria diet (CAF diet) contributes to hyperphagia and obesity as well as other detrimental health consequences linked to obesity, such as insulin resistance and low-grade inflammation (1, 2) . The hyperphagic and obesogenic effect of a CAF diet is produced via induction of a number of different mechanisms (3) . High-fat meals can stimulate innate immune cells and lead to a transient postprandial inflammatory response, altering our immune system and subsequently our inflammatory status (4) . Previous studies have pointed to the adipose tissue together with the liver as the main sources and focus of inflammation in obesity (5) (6) (7) (8) .
In addition, the gastrointestinal (GI) tract is another potential target for treating diet-associated inflammation. Among its various functions, the GI tract has the responsibility of informing and protecting the body from diverse chemical structures and metabolising the nutrients required for energy and the plastic functions of human beings (9) . In addition, the intestinal epithelium has a conditioning effect on gut homoeostasis, regulating the mucosal immune response and the metabolic activity of the intestine and the entire organism (10) . The impact of various dietary constituents including fats and carbohydrates on the GI tract and the microbiota, and subsequent health outcomes in the host, is another exciting and novel area of enquiry. The currently existing knowledge regarding the cellular effects that nutrients exert through the gut supports the possibility of dysregulation of gut homoeostasis by obesogenic diets (11) . High-fat/refined carbohydrate diets have been linked to a proinflammatory profile, although this has been poorly studied in the GI tract. Intestinal inflammation is associated with increased myeloperoxidase (MPO) enzyme activity in the ileum; this enzyme is a key component of the O 2 -dependent microbial activity of phagocytes that, in turn, induces polymorphonuclear neutrophil and macrophage infiltration and results in the production of high levels of proinflammatory cytokines such as TNF-α (11) . Cell oxidative stress is another event that is closely linked to tissue inflammation. Nutritional, or dietary, oxidative stress denotes a disturbance in the redox state resulting from excess oxidative load or inadequate nutrient supply, favouring pro-oxidant reactions (12) .
Reactive oxygen species (ROS)
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production by immune and non-immune cells in response to an obesogenic diet could be a primary event in intestinal inflammation associated with obesity (13) . Among all genes, the expression of the inducible isoform of nitric oxide synthase (iNOS) has been widely studied in relation to intestinal inflammation (14, 15) . During the last decade, it has become increasingly clear that nitric oxide overproduction by iNOS is deleterious to intestinal function (16) , thus contributing significantly to GI immunopathology. In addition, gut dysfunction in obesity is also associated with alterations in intestinal permeability. The paracellular pathway is one of the main pathways mediating the transmembrane transfer of specific intestinal components and is perturbed upon disruption of the intestinal barrier. The paracellular pathway is integrated by tight junctions (TJ), a cluster of junctional proteins that selectively regulate the transport of ions, solutes and peptides from the lumen to the intestinal mucosa and bloodstream. Occludin (OCLN) and claudin family members and junctional adhesion molecules are linked to the actin cytoskeleton by cytoplasmic rafts formed by catenins and zonulin/zonula occludens (ZO)-1, -2 and -3 (17) . During inflammation, persistent, high circulating levels of inflammatory cytokines, which are often observed in obese patients, may cause impairment of intestinal barrier function by altering the structure and localisation of TJ (18, 19) .
Altogether, this induces an increase in intestinal permeability, which leads to the leakage of water and proteins into the lumen and to translocation of intraluminal solutes such as bacterial endotoxins into the systemic circulation (20) . However, a new path regulating the structure and function of the intestinal epithelial barrier through the binding of the adipocyte-derived hormone leptin to its long form leptin receptor (LepR) was recently identified (21) (22) (23) . Thus, the disruption of TJ-mediated paracellular transport and the overproduction of ROS, as well as alterations in the immune and inflammatory responses and leptin signalling pathways, could be relevant to the obesity phenotype and have not been fully explored in the context of the intestine.
Taking all this into consideration, we hypothesised that a high-fat diet (HFD), high-sucrose diet, a model of an obesogenic diet, could alter intestinal function and not only cause an increase in nutrient absorption but also activate the inflammatory and oxidative stress responses in the gut and alter barrier permeability in healthy rats. We also hypothesised that these changes would be proportional to the length of the nutritional intervention, with different degrees of intestinal inflammation induced by a HFD. Such effects were compared with a genetic model of obesity, fa/fa rats, which develop increased adiposity, hyperphagia, hyperinsulinaemia, hyperlipidaemia and multiple endocrine abnormalities early in life.
The aim of this study was to examine the impact of an obesogenic diet on gut health and the time course of these changes in healthy Wistar rats under a CAF diet in addition to comparing these changes with LepR-deficient obese (fa/fa) Zucker rats as a genetic obesity (GO) model. Specifically, we aimed to evaluate the time course of the alterations that occur during obesity development: obesity degree and metabolic alterations with respect to gut dysfunction, namely, inflammation, oxidative stress and permeability in dietary intervention v. GO.
Methods

Experimental animal procedures
A total of forty-eight female Wistar rats weighing 230g were purchased from Charles River Laboratories and were housed in animal quarters at 22°C with a 12 h light-12 h dark cycle (light from 0800 to 2000 h). After 1 week of adaptation, the animals (n 6-8/group) were randomly selected to receive either a standard diet (A-04; Panlab) (Control group) or a standard diet plus a cafeteria diet (CAF group) for 12, 14·5 or 17 weeks as a model of a high-fat/ high-sucrose diet. Animals were fed ad libitum with fresh food daily. The cafeteria intervention consisted of bacon, sweets, biscuits with pate, cheese, muffins, carrots and sugared milk, with an overall content of 62·2 % carbohydrate, mostly in the form of simple sugars, 23 % lipid and 12·8 % protein with a mineral-vitamin content of 2 g/kg of diet (24) . In addition, a GO study was performed with obese (fa/fa) female Zucker rats (n 10) and heterozygous (Fa/fa) lean counterparts (n 10) with an initial weight of 210 g; these animals received a standard diet for 10 weeks.
At the end of each study, after an overnight fast, animals were anaesthetised with 50 mg/kg of sodium pentobarbital and killed. Heparinised blood was collected, and plasma was obtained by centrifugation. The intestine and the different white adipose tissue depots (retroperitoneal white adipose tissue, mesenteric white adipose tissue (MWAT) and periovaric white adipose tissue) were rapidly removed, weighed, frozen in liquid N 2 and stored at −80°C until later analysis. All experimental procedures were performed according to the National and Institutional Guidelines for Animal Care and Use that are in place at our university. The Animal Ethics Committee of our university approved all procedures (permission no. 4250).
Morphometric variables
Body weight was monitored weekly, and the percentage of weight gain was calculated. Adiposity was determined with an adiposity index, which was computed for each rat as previously described (24) . These variables together with the MWAT depot weight were evaluated as physiological indicators of the degree of obesity in these animals. Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was quantified for each animal by using the glucose and insulin levels of each animal.
Biochemical assays
Plasma glucose and TAG were measured using enzymatic colorimetric kits (QCA), and insulin levels were analysed with a rat insulin ELISA kit (Mercodia). The manufacturer's protocol was followed in all cases.
Quantification of myeloperoxidase activity and reactive oxygen species in the ileum
Tissue samples were homogenised with a Tissue Lyser LT system (Qiagen) in 50-mM-potassium phosphate buffer (Panreac). An aliquot of the homogenate was stored for the subsequent measurement of ROS. The rest of the homogenate was centrifuged at 15 000 g for 15 min at 4°C, and the resulting supernatant was discarded. The pellet was then homogenised with hexadecyltrimethylammonium bromide (Sigma-Aldrich) and 50-mM-potassium phosphate buffer. The homogenate was sonicated (20 s), subjected to three freeze-thaw cycles and centrifuged at 15 000 g for 10 min at 4°C. For MPO activity determination, we used an adaptation of the Lenoir method (25) . The supernatant was mixed into a solution of phosphate buffer, 0·22 % guaiacol (SigmaAldrich) and 0·3 % H 2 O 2 (Sigma-Aldrich), and absorbance was read at 470 nm. Enzyme activity was defined as the amount of MPO needed to degrade 1 µmol of H 2 O 2 in 1 minute (U = µmol/ min) and was normalised to milligram of total protein content, which was measured using the Bradford method.
For the measurement of ROS levels, samples were mixed with 1-mM-EDTA buffer (Panreac) and centrifuged at 3000 g for 5 min at 4°C, after which the pellet was discarded. The intracellular ROS was determined using the 2',7'-dichlorofluorescein diacetate (DCFH-DA) method (Sigma-Aldrich). Fluorescence was measured at λ ex = 485 nm and λ em = 530 nm on an FLx800 Fluorescence Reader (BioTek).
Tissue RNA extraction and quantitative reverse transcription PCR Total RNA was extracted from 50 mg of ileum using Trizol (Ambion) according to the manufacturer's instructions. The gene expression analysis was completed using both Taqman probes and SYBR Green primers. When TaqMan probes were used, complementary DNA (cDNA) was obtained from 1 µg of mRNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer's instructions. Quantitative reverse transcription PCR (qRT-PCR) amplification and detection of TJ genes were completed using TaqMan Universal PCR Master Mix and the corresponding specific TaqMan probes (Applied Biosystems): Rn02116071_s1 for rat ZO-1, Rn00581740_m1 for rat claudin-1 and Rn01420322_g1 for rat OCLN. All the results were normalised to cyclophilin E (PPIA) (Rn00690933_m1).
For the other genes, cDNA (5 ng/ml) was subjected to qRT-PCR amplification using SYBR Green PCR Master Mix (Applied Biosystems). The forward (Fw) and reverse (Rv) primer sequences used were as follows: TNF-alpha, Fw: 5-CCTCACACTCA-GATCATCTTCTC-3, Rv: 5-TTGGTGGTTTGCTACGACGTG-3; (EGF-like module-containing mucin-like hormone receptor-like 1) F4/80 (EGF-like module-containing mucin-like hormone receptorlike 1 or Erm1) Fw: 5-CTTTGGCTATGGGCTCCCAGTC-3, Rv: 5-GCAAGGAGGGCAGAGTTGATCGTG-3; iNOS, Fw: 5-CACCC GAGATGGTCAGGG-3, Rv: 5-CCACTGACACTCCGCACAA-3; and PPIA (Ciclophilin), Fw: 5-CTTCGAGCTGTTTGCAGACAA-3, Rv: 5-AAGTCACCACCCTGGCACATG-3.
Reactions were run on a qRT-PCR system (Applied Biosystems) where the thermal profile settings were 50°C for 2 min, 95°C for 2 min, and then forty cycles of 95°C for 15 s and 60°C for 2 min. The relative mRNA expression levels were calculated using the 2 ÀΔΔCt method, where ΔC t = C t gene of interest − C t cyclophilin and ΔΔC t = ΔC t treated samples − the mean of ΔC t control samples.
Statistical analysis
The power analysis was carried out a priori during the design stage of the study. For a Student's t test to compare two groups of experimental animals, we calculated the sample size needed in each group to obtain a power of 0·80, when the effect size is moderate (0·3) and a significance level of 0·05 is used. The resulting sample size was six to eight rats depending on the variables analysed.
Results are expressed as means with their standard errors. Effects were assessed using Student's t test to compare either control v. CAF groups for each cafeteria diet intervention or obese fa/fa v. Fa/fa for the genetic study. P values < 0·05 were considered statistically significant. These calculations were performed using IBM-SPSS 22.0 software.
Pearson's correlation coefficient was used to test for correlations between the variables evaluated. Unsupervised principal component analysis (PCA) was performed with XLSTAT 2015.5 (Addinsoft) to assess relationships between the expressions of inflammatory markers, TJ proteins, oxidative stress genes in the ileum, and morphometric and metabolic variables. Variables included in the PCA were selected to obtain a Kaiser-MeyerOlkin (KMO) index >0·5 as a measure of sampling adequacy. After data scaling, the analysis was based on the correlation matrix, and principal components (PC) were considered significant if they contributed >5 % to the total variance.
Results
Increased body weight and metabolic alterations are observed in nutritional and genetic obesity models After 12, 14·5 or 17 weeks of consuming the CAF diet, rats showed statistically significant increases in body weight relative to controls fed a standard diet. All the CAF groups also presented a significantly higher percentage of body weight gain ( Fig. 1 ), adiposity and mesenteric fat mass compared with the control animals, with this increase being more dramatic at 17 weeks (Table 1) . Regarding the genetic model, all the previously mentioned parameters were significantly higher in fa/fa Values are means, with their standard errors. n 6-10 in each experimental group. Control ( ): rats fed a standard diet or lean (Fa/fa) rats; Obese ( ): rats fed a cafeteria diet (diet-induced obesity (DIO)) or obese (fa/fa) rats (genetic obesity (GO)). The statistical significance of these differences was evaluated using Student's t test. * P values < 0·05, control v. obese at the same time point.
obese rats than the Fa/fa control group. The percentage of body weight gained by fa/fa animals after 10 weeks was higher than that gained by the CAF group after 17 weeks. In contrast, the adiposity degree was lower in fa/fa animals, as was mesenteric fat weight (Table 1) .
To characterise the obesity models, we also evaluated the glucidic and lipidic profiles. Although all the CAF groups presented higher glucose, insulin and homeostasis model assessment (HOMA) index levels, the differences were only statistically significant after 17 weeks of dietary intervention (Table 1) . Regarding the presence of hypertriacylglycerolaemia, TAG levels were higher after 12 and 14·5 weeks of CAF diet; unfortunately, we were not able to evaluate these levels at 17 weeks. All these parameters were altered in GO fa/fa animals, which developed spontaneous hyperglycaemia, hyperinsulinaemia and hypertriacylglycerolaemia after 10 weeks (Table 1) .
Intestinal reactive oxygen species production and myeloperoxidase activity increased after consumption of a cafeteria diet but not in genetic obesity
We measured ROS levels and MPO activity in the ileum to evaluate the intestinal damage after the nutritional intervention and in the genetic model. As shown in Fig. 2(a) , ROS levels increased in accordance with the duration of the dietary intervention, becoming statistically significant at 17 weeks. Notably, the enhancement in MPO activity followed the same pattern and was significantly increased in all cafeteria groups compared with the controls at each time point (Fig. 2(b) ). However, no differences were observed when we measured these parameters in genetically obese rats.
Ileal reactive oxygen species levels and myeloperoxidase activity correlate with morphometric and metabolic characteristics after 17 weeks of cafeteria diet consumption The Pearson's correlation test was used to evaluate for potential associations between ileal ROS or MPO and body weight measures in control and CAF groups. Ileal ROS levels and MPO activity exhibited strong and significant correlations with adiposity, weight gain and mesenteric fat weight in the 17-week group of animals. In addition, MPO activity was also strongly correlated with body weight after 17 weeks (Table 2) .
Similar results were obtained when we analysed the relationship between ileal ROS and MPO and the metabolic parameters evaluated. As shown in Table 2 , some statistically significant correlations were observed after 17 weeks of dietary intervention and in controls, with ROS levels and MPO activity showing positive associations with insulin resistance indicators. However, no correlations between ROS or MPO and morphometric and metabolic parameters were observed in the genetic model (Table 2) .
TNF-α is over-expressed in the ileum of cafeteria diet and fa/fa groups
To evaluate the inflammatory state in the ileum, we analysed the expressions of the proinflammatory markers TNF-α and iNOS and the expression of F4/80, a murine macrophage infiltration marker. Fig. 3 shows the expressions of these genes in the rat ileum after 14·5 and 17 weeks of the CAF diet. The expressions of these markers increased over both time periods, with statistical significance only being reached for TNF-alpha after 14·5 weeks ( Fig. 3(b) ). Furthermore, TNF-alpha and iNOS expressions were positively correlated (r 0·499, P = 0·030). TNF-alpha expression was also correlated with the macrophage marker F4/80 (r 0·491, P = 0·028), and iNOS expression also appeared to correlate with the levels of this marker (r 0·417, P = 0·068). Interestingly, TNF-alpha expression was significantly increased in the fa/fa group (Fig. 3  (b) ), but no changes were observed in the rest of genes.
Ileal inflammation is associated with degree of obesity and metabolic alterations
As inflammation has been linked to obesity and associated insulin resistance, we tested for correlations between ileal TNF-α, iNOS and F4/80 expressions and the metabolic and 
Control, rats fed a standard diet or lean (Fa/fa) rats; CAF, cafeteria diet; Obese, obese (fa/fa) rats; HOMA-IR, homeostasis model assessment of insulin resistance; N/A, not available. The statistical significance was evaluated using Student's t test. * P values < 0·05, ** P values < 0·001 were considered statistically significant. † Each group was compared with its control.
morphometric characteristics measured over two time periods, 14·5 and 17 weeks. As shown in Table 3 , at 14·5 weeks, TNF-α expression was positively associated with measures of body weight and adiposity, as well as with TAG and insulin levels. Importantly, iNOS expression was also correlated with glucose metabolism parameters and TAG levels. F4/80 also correlated positively with TAG levels at 14·5 weeks. At 17 weeks of the dietary intervention (Table 3) , expression was positively associated with adiposity, and iNOS expression correlated positively with glucose levels.
On the other hand, as shown in the Table 3 , TNF-α expression in fa/fa obese animals was positively associated with the following morphometric parameters: body weight, mesenteric fat depot and adiposity, and TAG.
The main correlations found with dietary intervention periods of 14·5 and 17 weeks were maintained even after adjustment for body weight (see Supplementary Table S1 ). In the GO model, when body weight adjustment was applied, we found positive associations of macrophage infiltration (F4/80 expression) with adiposity. In addition, the correlations found with TAG levels persisted. However, other associations were not present after body weight adjustment (Supplementary Table S1 ).
Tight junctions gene expression is altered in the 17-week cafeteria diet and fa/fa groups The expressions of TJ element genes were evaluated as an approach to measure ileal permeability. The results indicate that the expressions of ZO-1 and claudin-1 were strongly reduced after 17 weeks of the CAF diet (Fig. 3(d) and (f), respectively) . In addition, ZO-1 gene expression was negatively associated with insulin levels (Table 3) , and more interestingly ZO-1 maintained a strong negative correlation with homeostasis model assessment of insulin resistance (HOMA-IR) even after Values are means, with their standard errors. n 6-10 in each experimental group. Control: rats fed a standard diet or lean (Fa/fa) rats; CAF: rats fed a cafeteria diet (diet-induced obesity); and Obese: obese (fa/fa) rats (genetic obesity (GO)). The statistical significance of these differences was evaluated using Student's t test. * P values < 0·05, control v. CAF or obese at the same time point. 
HOMA-IR, homeostasis model assessment of insulin resistance; N/A, not available. * P values < 0·05 were considered statistically significant. † The number of animals (n 12-20) used in each time period in the control and cafeteria groups together is shown. Values are means, with their standard errors. n 6-10 in each experimental group. Control: rats fed a standard diet or lean (Fa/fa) rats; CAF: rats fed a cafeteria diet (diet-induced obesity); and Obese: obese (fa/fa) rats (genetic obesity (GO)). The statistical significance of these differences was evaluated using Student's t test. * P values < 0·05, control v. CAF or obese at the same time point. body weight correction (Supplementary Table S1 ). However, OCLN expression levels over both time periods were similar to the levels observed in control rats (Fig. 3(e) ).
In the case of the GO fa/fa group, ZO-1 and claudin-1 were significantly down-regulated in the ileum with respect to the Fa/fa control group (Fig. 3(d) and (f)), and OCLN expression showed a negative trend, as shown in Fig. 3(e) . ZO-1 and claudin-1 levels were negatively correlated with morphometric parameters, HOMA index and TAG. Claudin-1 was also negatively associated with high insulin levels.
Principal components analysis
We used a model that reduces a matrix of data to the lowest dimension of the most significant components, or PC, to analyse the overall distribution and associations between the variables evaluated. With this method, the PC retained are generated sequentially, meaning the variance explained by the first component is removed before the second factor is generated to maximally explain the remaining variance in the matrix (this process is continuous with successive components). This tool is useful for identifying various combinations of variables that could reflect possible biological mechanisms, especially in association with various other health outcomes. Table 4 shows the PCA results for all the variables analysed in the dietary intervention and the GO experiment. The projections in the plane of ileal gene expressions of inflammatory markers, TJ proteins, oxidative stress, and morphometric and metabolic variables defined by the first two PC of the 14·5-and 17-week diet interventions and GO model are shown in Fig. 4(a-c) , respectively (left panel). On the other hand, the distribution of animals in the space based on the different variables is represented in the corresponding right panel.
The results obtained after 14·5 weeks of CAF intervention indicate that the first two PC explain 77·86 % of the total variance. The first and the second PC are responsible for 45·49 and 32·37 % of the total variance, respectively. Overall, PC1 was clearly characterised by the following variables: body weight and mesenteric weight, insulin levels and HOMA index, ileal MPO activity and ROS levels, and ileal iNOS mRNA levels ( Table 4) . As shown in Fig. 4(a) , all these variables are grouped in the right side of the graphic, indicating a positive association between the degree of obesity in these animals and insulin pathway metabolic alterations and intestinal inflammation. On the other hand, PC2 is characterised by the percentage of adiposity, weight gain, plasma leptin levels and ileal TNF-α gene expression, which are located in the upper part of the graphic, and by the glucose levels, which are located in the 
iNOS, isoform of nitric oxide synthase; F4/80, EGF-like module-containing, mucin-like hormone receptor 1; ZO-1, zonula occludens-1; OCLN, occludin; HOMA-IR, homeostasis model assessment of insulin resistance; N/A, not available. * P values < 0·05, ** P values < 0·001 were considered statistically significant. lower zone. With respect to animal distribution, PC2 discriminates between the control and the CAF groups. Unlike the control group, the CAF group is located on the top of the graph and shows a higher percentage of adiposity, greater weight gain, higher plasma levels of leptin and higher ileal TNF-α expression than the control group. However, PC1 does not discriminate between these groups.
In the 17-week CAF consumption group (Table 4) , PC1 and PC2 explain 76·56 % of the total variance (43·80 and 32·76 %, respectively). With respect to PC1, body weight, mesenteric weight, HOMA index, and insulin, glucose and leptin levels, MPO activity and iNOS gene expression in the ileum were negatively associated with ileal ZO-1 mRNA levels. In addition, PC2 is described by adiposity, weight gain, ROS levels, and claudin-1, TNF-α and F4/80 mRNA levels. In this context, claudin-1 expression was negatively associated with adiposity, insulin resistance and inflammatory variables. On the basis of the distribution of the animal groups, PC1 and PC2 discriminate between the control and the CAF groups. As expected, most of the individuals in the CAF group are located in the upper right area of the space that is related to diet-induced obesityassociated metabolic alterations, intestinal inflammation and lower levels of the TJ protein (Fig. 4(b) ).
Regarding GO model analysis, the first two PC explain 64·48 % of the total variance. The first PC, which is responsible for 47·83 %, is characterised by the morphometric variables including body weight, mesenteric weight, weight gain and adiposity, in addition to the following variables -insulin level, HOMA index and ileal TNF-α gene expression -which are all negatively associated with ileal ZO-1 and OCLN mRNA levels. In addition, PC2 is responsible for 16·65 % of the total variance and is composed of ROS levels, MPO activity in the ileum and plasma glucose levels, which are negatively associated with iNOS and F4/80 mRNA levels. Moreover, PC1 discriminates between the control and the CAF groups. The right panel shows that obese animals are located on the right side of the space that is defined by a higher degree of obesity, altered insulin function, disrupted inflammatory markers and the down-regulation of TJ proteins with respect to the control group (Fig. 4(c) ).
Discussion
The GI tract has energetic, immune and barrier functions that serve to protect the body against infection and to absorb nutrients. Specific parts of the GI tract, particularly the ileum of the small intestine, are specialised in both nutrient absorption and immune defence. Thus, the organs and tissues involved in the regulation of the metabolism, in addition to providing the nutrients necessary to trigger and sustain the immune response, contain resident populations of immune cells, suggesting that the immune system is poised to respond to nutrient-derived signals.
It was recently noted that the GI tract, specifically the gut, is an important target organ to be considered in obesity outcome because of the effects of diet on this organ. As expected, the chronic consumption of a high-energy diet for 12, 14·5 or 17 weeks induces a time-dependent increase in body weight that is accompanied by an increase in adiposity. Insulin resistance and hypertriacylglycerolaemia, typical symptoms of the metabolic syndrome, are reached at the 17-week time point. In agreement with the literature (25) , the obesity level reached in the genetic model at 10 weeks was comparable with the results obtained after 17 weeks of CAF diet consumption. In fact, Zucker obese rats became hyperglycaemic at 13-15 weeks of age (26) , with hyperinsulinaemia and hypertriacylglycerolaemia appearing after 12-14 weeks of age (27) , suggesting a good model of early-onset obesity.
Regarding the status of the gut, our results showed that ROS levels in the ileal fraction of the small intestine were slightly increased during the first few weeks, reaching significance only at 17 weeks. Different epidemiological, animal and clinical studies have associated obesity with redox disruption (28) .
A high-fat, high-carbohydrate diet and continuous hypernutrition can increase oxidative stress through the activation of intracellular pathways such as the nitrogen oxide pathways, oxidative phosphorylation pathway in the mitochondria, glycoxidation pathway, protein kinase C pathway and the polyol pathway (12, (29) (30) (31) . However, oxidative stress can be the cause as well as the outcome of obesity. In this study, we demonstrated that an obesogenic diet is able to induce oxidative stress in the ileum at later time points, suggesting that oxidative damage in this tissue is the result of a severe state of obesity. Moreover, no changes were observed in fa/fa Zucker rats in our study, although the degree of obesity reached is comparable with that in the 17-week CAF diet model. This fact reinforces the above idea that the intestinal oxidative stress observed in these animals is mainly associated with the ingestion of a high-fat, high-fructose diet and not just obesity.
In contrast to oxidative stress, inflammation within the ileum, indicated by an increase in MPO activity, was apparent at the first time point and increased to a maximal level at 17 weeks. MPO is a key enzyme in the O 2 -dependent microbial activity of neutrophil granulocytes, but this molecule also acts as a proinflammatory mediator and can cause tissue damage during acute or chronic inflammation (32) . In this context, upon detecting inflammatory signals, neutrophils change their responsiveness to allow directed migration and enhancement of microbicidal capacity. Activated polymorphonuclear neutrophils are able to synthesise and store enzymes and ROS within cytoplasmic granules (33) . The most abundant granule enzyme is MPO, which forms cytotoxic hypochlorous acid from the reaction of chloride anions with the hydrogen peroxide produced after the respiratory burst. Beyond its bactericidal activity, MPO affects various pathways involved in cell signalling and cell-cell interactions, and thus is capable of modulating inflammatory responses (34) . Thus, the increase in MPO activity found in correlation with obesity in these animals from the first time point might indicate that inflammation precedes the oxidative stress disturbance induced by diet in the ileum. In agreement with these results, MPO activity in Zucker rats was similar to that in the lean group, a finding that is in concordance with the absence of oxidative stress in this genetic model. This fact supports the hypothesis that the CAF diet might be responsible for the observed changes in intestinal inflammation associated with obesity.
When analysing proinflammatory gene expression after the consumption of the CAF diet, we only found a significant increase in TNF-α levels at the 14·5-week time point; however, the other genes indicating macrophage infiltration and activity, such as F4/80 and iNOS, showed a trend towards increased expression. These results again suggest that inflammation is observed from the first time point studied, whereas oxidative stress only becomes apparent at 17 weeks. Furthermore, TNF-α expression was positively associated with measures of adiposity. Importantly, iNOS expression was also correlated with glucose levels. These results are in agreement with the hypothesis that intestinal inflammation might be linked to the development of obesity-associated pathologies (35) .
Immune cells, including neutrophils, have been directly implicated in disrupting TJ barrier function. It has been postulated that the proinflammatory cytokine-induced opening of the intestinal TJ barrier is an important mechanism contributing to the TJ barrier defects present in various inflammatory conditions of the gut (36) . The same pattern is reflected by the expressions of the permeability genes ZO-1 and claudin-1, whose expressions only decrease significantly after 17 weeks of the CAF diet. Thus, altered permeability is suspected to appear at later stages, concomitant with a high degree of oxidative stress and sustained inflammation. When the correlations between these parameters were analysed, a strong positive association was found between ROS and ileal inflammatory state after 17 weeks of the CAF diet, suggesting a close link between ROS and inflammation. Moreover, the intestinal dysfunction found in the gut (oxidative stress and inflammation) in response to an obesogenic diet was correlated with the degree of obesity and insulin resistance. Taken together, our results suggest that, first, the CAF diet stimulates gut inflammation and, second, in addition to the sustained inflammatory state there is an increase in oxidative stress and relaxation of the permeability barrier. Furthermore, this intestinal dysfunction might be linked to the development of obesity-associated pathologies.
The most surprising results obtained in this study were observed in the genetic model, in which the TJ elements ZO-1 and claudin-1 were also underexpressed. Such effects have not been described previously in this animal model. Similarly, previous investigations have demonstrated that leptin increases intestinal permeability (37, 38) . In particular, the chronic secretion of high levels of leptin by visceral adipose tissue in the context of ageing or obesity permanently impacts the structure and function of the intestinal epithelial barrier by binding LepR on the basolateral side of intestinal epithelial cells and stimulating the RhoA/ ROCK (Ras homolog gene family, member A/rho-kinase) pathway (37) . Upon LepR activation, the small GTPase RhoA and its effector ROCK are important modulators of actin cytoskeleton organisation in response to physiological and pathological stimuli (39, 40) . Disruptions in this pathway have been demonstrated to contribute to obesity and insulin resistance in mice fed a HFD. Despite the fact that obese Zucker rats display markedly elevated circulating leptin levels compared with their lean counterparts, they are LepR deficient, meaning that the changes in intestinal permeability cannot be explained by this mechanism. Taking the fact that these animals were fed standard chow diet into account, the modulation of intestinal permeability through the hyperphagic and obesogenic effects of the CAF diet could also be discarded. Unexpectedly, TNF-α was significantly up-regulated in obese Zucker rats with respect to lean animals. Again, the proinflammatory cytokine-induced opening of the intestinal TJ barrier might be an important mechanism contributing to the TJ barrier defects present in these rats (36) ; however, additional mechanistic studies are needed to confirm this hypothesis. Overall, the maintenance of intestinal barrier homoeostasis requires complex interactions between host molecules and other environmental factors such as diet, as well as the microbiome. Commensal bacteria have also been proposed as key modulators of intestinal barrier function (41) . Other data suggest that certain bacterial species produce metabolites that can influence intestinal permeability and integrity (42) . Therefore, it could be possible that obese Zucker rats might have a different microbiome than lean animals, which would explain the changes in the expressions of key genes involved in maintaining intestinal barrier integrity observed in obese animals. However, a study performed in Zucker rats found no significant differences in the intestinal bacterial profiles of the two Zucker rat genotypes at either the phylum or the family level in taxonbased analyses (43) . Thus, it is unclear which pathways could be responsible for these changes, and more studies are needed to address this topic in the future.
In summary, in high-fat/high-carbohydrate diet models, the deregulation of gut homoeostasis in response to chronic lipid and carbohydrate overload leads to impaired metabolic homoeostasis, gut inflammation, oxidative stress and changes in intestinal permeability markers in a time-dependent manner. Interventions that limit the intestinal alterations induced by a CAF diet may protect against obesity and insulin resistance. and I. G. are student fellows from the Martí i Franquès programme of Rovira i Virgili University. M. P. is a Serra Húnter fellow.
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